We study experimentally with submicrometer spatial resolution the propagation of spin waves in microscopic waveguides based on the nanometer-thick yttrium iron garnet and Pt layers. We demonstrate that by using the spin-orbit torque, the propagation length of the spin waves in such systems can be increased by nearly a factor of 10, which corresponds to the increase in the spin-wave intensity at the output of a 10 lm long transmission line by three orders of magnitude. We also show that, in the regime, where the magnetic damping is completely compensated by the spin-orbit torque, the spin-wave amplification is suppressed by the nonlinear scattering of the coherent spin waves from current-induced excitations. Published by AIP Publishing. The spin-orbit torque (SOT) produced by the spin Hall effect 1,2 (SHE) or the Rashba-Edelstein effect 3,4 is currently considered as a promising mechanism for the magnetization switching [5] [6] [7] [8] [9] and the excitation and control of the magnetization dynamics [10] [11] [12] [13] [14] [15] [16] in the magnetic nano-systems. The significant advantage of the SOT for the emerging field of magnonics [17] [18] [19] utilizing spin waves as a signal carrier in nano-circuits is the possibility to exert a spin-transfer torque over extended areas. In contrast to the spin transfer torque produced by the spin-polarized electric currents 20, 21 or by the non-local spin injection, 22, 23 the SOT provides an opportunity not only to excite local magnetization oscillations but also to control the propagation length of spin waves. Although the idea of the propagation-length control is straightforward, the efficient modulation of the spin-wave propagation characteristics by the spin torque has not been achieved so far. Even in all-metallic systems, where the SOT is known to be very efficient, the maximum achieved increase in the propagation length was less than a factor of 2.
15, 16 An additional important advantage of SOT is the possibility to implement the spin-torque devices based on the insulating magnetic materials, 24 such as yttrium iron garnet (YIG), which possess significantly smaller magnetic damping compared to the metallic ferromagnets. 25 In recent years, the applicability of this material for spin-torque devices was limited by the large micrometer-range thickness of the highquality YIG films. Since SOT is the interfacial phenomenon, the large thickness of the active magnetic layer caused a low efficiency of devices and resulted in the moderate effect of SOT on the propagation characteristics of spin waves. 26, 27 Only very recently, with the developments in preparation of nanometer-thick low-damping YIG films, [28] [29] [30] [31] [32] [33] the implementation of the insulator-based spin-torque devices became practically feasible. 33, 34 In this letter, we study the propagation of spin waves in 20-nm thick microscopic YIG waveguides subjected to SOT generated by SHE in an adjacent Pt film. We demonstrate that this system provides an opportunity of highly efficient control of the propagation characteristics of spin waves. In particular, we achieve nearly a tenfold increase in the propagation length. The observed variation of the propagation length is in perfect agreement with the simple theory predicting a linear dependence of the effective damping on the electrical current inducing the spin-orbit torque. Additionally, the high efficiency of our system allowed us to study the regime, where the damping is overcompensated by SOT and the true amplification of spin waves is expected. We show that, in this regime, the spin system of the YIG film is strongly overdriven, which results in the suppression of the spin-wave amplification. Figure 1 shows the schematic of the test devices. They are based on a 20 nm thick YIG film grown by the pulsed laser deposition on the gadolinium gallium garnet (GGG) (111) substrate. 29 The film is covered by an 8 nm thick layer of Pt deposited using dc magnetron sputtering, and the a)
Author to whom correspondence should be addressed. Electronic mail: demidov@uni-muenster.de YIG/Pt bilayer is patterned by e-beam lithography into a stripe waveguide with the width of 1 lm. The system is insulated by a 300 nm thick SiO 2 layer, and a broadband 3 lm wide microwave antenna made of 250 nm thick Au is defined on top of the system by the optical lithography. The waveguide is magnetized by the static magnetic field H 0 ¼ 1000 Oe applied in its plane perpendicular to the long axis. A dc electrical current I flowing in the plane of the Pt film is converted by the SHE into the transverse spin accumulation (see inset in Fig. 1 ). The associated pure spin current I S is injected into the YIG film resulting in a spintransfer torque on its magnetization M. Depending on the relative orientation of the current and the static magnetic field, the SOT either compensates or enhances the effective magnetic damping in the YIG film.
The magnetic dynamics in YIG is analyzed by using the micro-focus Brillouin light scattering (BLS) spectroscopy. 35 The probing laser light generated by a single-frequency laser is sent through the GGG substrate and is focused by a specially corrected microscope objective lens into a diffractionlimited spot on the YIG/Pt surface. Due to the interaction of the light with the magnetic excitations in YIG, it acquires a phase modulation at the frequency of the excitations, which is analyzed by a six-pass Fabry-Perot interferometer. The resulting signal-the BLS intensity-is proportional to the intensity of the magnetic oscillations at the position of the probing spot. The wavelength of the laser is chosen to be 473 nm, which provides a high sensitivity of the method for measurements with ultra-thin YIG. The power of the probing light is as low as 0.1 mW, which guarantees negligible laserinduced heating of the sample.
We first analyze the effects of SOT on the thermally driven magnetization fluctuations in the YIG waveguide. In these experiments, we only apply the dc current through the Pt layer and record the spectra of thermal magnetic fluctuations for different values of I. The representative spectra shown in Figs. 2(a) and 2(b) illustrate the process of the enhancement of magnetic fluctuations by SOT. Note that the enhancement is observed only for positive currents, whereas for negative currents, the fluctuations are suppressed, 36 in agreement with the symmetry of SHE. In Fig. 2(c) , we show the current dependences of the integral intensity in the BLS spectra and its inverse value. In agreement with the theory, 37 the latter quantity shows a well-defined linear behavior. By fitting the experimental data by a linear function, we determine the current I C ¼ 2.58 mA, at which the integral intensity is expected to diverge. This current corresponds to the complete compensation of the damping by SOT. 37 For I > I C , the system enters the auto-oscillation regime characterized by large amplitudes of the magnetization dynamics (Fig. 2(b) ). We note, however, that the auto-oscillation spectra (Fig.  2(b) ) are relatively broad, suggesting multimode autooscillations, as expected for a spatially extended system. 14, 36 Based on the parameters of the Pt layer, we estimate the threshold current density of 3 Â 10 11 A/m 2 , which is close to the value obtained for the spin-torque oscillators based on the similar YIG/Pt bilayer. 33, 34 Taking into account the value of the Gilbert damping constant a ¼ 2 Â 10 À3 for I ¼ 0, 34 we additionally show in the top horizontal scale in Fig. 2(c) the values of the effective damping constant corresponding to the applied dc current.
The obtained spectral data allow us to determine the current dependence of the frequency of the quasi-uniform ferromagnetic resonance in the YIG waveguide (down-triangles in Fig. 2(d) ) and calculate the corresponding effective magnetization M eff (up-triangles in Fig. 2(d) ). These data show that at I < I C , M eff reduces proportional to I 2 (see parabolic fit of the data in Fig. 2(d) ), which suggests that the reduction is mainly caused by the Joule heating of YIG by the electrical current in Pt. The current dependence of the effective magnetization exhibits a clear kink at I ¼ I C and dramatically decreases at larger currents. These behaviors correlate well with the onset of large-amplitude magnetic auto-oscillations causing a strong decrease in the static component of the magnetization vector. Next, we analyze the effects of SOT on the propagation characteristics of coherent spin waves excited by the microwave current in the antenna. The measurements are performed by applying a microwave signal at the frequency corresponding, for the given conditions, to a spin wave with the wavelength of about 5 lm, which can be efficiently excited by the used 3 lm wide inductive antenna and possess sufficiently large group velocity. 35 The propagation of spin waves is mapped by rastering the probing laser spot over the surface of the YIG waveguide with the step sizes of 200 and 250 nm in the transverse and the longitudinal directions, respectively. In Fig. 3(a) , we show a representative map of the BLS intensity, proportional to the local intensity in the spin wave, obtained for I ¼ 2.55 mA. As seen from these data, the spin wave propagates along the waveguide nearly uniformly without changing its transverse profile (inset in Fig. 3(a) ), which is a clear signature of the single-mode propagation regime caused by the strong separation of the transverse modes in a narrow waveguide. 35 The intensity of the wave decreases by only 60% over the propagation path of 10 lm.
To characterize the propagation length of spin waves and its dependence on the current, we plot in Fig. 3(b) the dependences of the spin-wave intensity on the propagation coordinate obtained for different dc currents in the Pt layer. These data show that spin waves in the waveguide experience a well-defined exponential decay (note the logarithmic vertical scale) $exp(À2x/n), where n is the propagation length defined as a distance over which the wave amplitude decreases by a factor of e. The propagation length strongly increases with the increase in the dc current, as expected for the effect of SOT on the effective magnetic damping. Figure 3 (c) summarizes the results of the spatially resolved measurements. The propagation length (up-triangles) monotonously increases with the increase in I < I C and then shows an abrupt decrease at I > I C . We note that, according to the data in Fig. 2 , in the latter regime, the magnetic damping should be overcompensated by SOT, which is expected to result in a spin-wave amplification. In contradiction to this naive expectation, the propagation length decreases rapidly at I > I C , so that already at I ¼ 2.65 mA the BLS signal from the coherent spin wave excited by the antenna completely vanishes. This experimental observation can be attributed to the strong nonlinear scattering of coherent spin waves from largeamplitude current-induced magnetic auto-oscillations due to the nonlinear magnon-magnon scattering processes, which are known to be highly efficient in low-damping YIG films. 38 To characterize the variation of the propagation length with current in detail, we plot in Fig. 3(c) its inverse valuethe decay constant (down-triangles), which is proportional to the effective Gilbert damping constant a eff . In agreement with the simple theoretical model assuming the linear variation of a eff with current, the decay constant shows a linear dependence on I. By extrapolating this dependence to I ¼ 0, we obtain the propagation length at zero current n 0 ¼ 2.4 lm. This value reasonably agrees with the theoretical value of n ¼ 3.0 lm calculated based on the theory of Ref. 35 for spin waves with the wavelength of 5 lm propagating in the YIG/ Pt waveguide characterized by the Gilbert damping a ¼ 2 Â 10 À3 (Ref. 34 ). Additionally, one expects the linear dependence in Fig.  3 (c) to cross zero at I ¼ I C , which corresponds to an infinitely large propagation length under conditions of the complete damping compensation. The data in Fig. 3(c) show, however, that the linear fit yields the intercept value larger than I C . This disagreement can be attributed to the Joule heating of the waveguide by the electric current in Pt, resulting in the significant reduction of the effective magnetization ( Fig.  2(d) ). Since the propagation length is proportional to the group velocity, which is known to decrease with the decrease in M eff , the effects of the heating on the propagation length counteract those of SOT and do not allow one to achieve the decay-free propagation regime. We note, however, that the maximum achieved propagation length of 22.5 lm is nearly by a factor of 2 larger compared to the value of 12 lm ). Finally, we discuss the significance of the achieved propagation-length control for the performance characteristics of spin-wave transmission lines. Taking the experimental values of the propagation length n(I) (Fig. 3(c) ), we calculate the intensity of the spin wave at the output of a transmission line with the length L ¼ 10 lm as J(I) ¼ J 0 exp(À2L/n), where J 0 is the input intensity. The results normalized by the value at I ¼ 0 are shown in Fig. 4 . As one clearly sees from these data, the achieved propagation-length control provides the opportunity to increase the intensity of spin waves at the output of a transmission line with technologically relevant length by many orders of magnitude.
In conclusion, we demonstrated that the SOT is a highly efficient mechanism for the control of propagation characteristics of spin waves in ultra-thin-film YIG/Pt systems. We also find that the main limiting factor reducing this efficiency is the reduction of the effective magnetization due to the Joule heating, which can be minimized by the reduction of the waveguide width and/or by integration into the devices of heat-sink elements. Our data also show that the implementation of true amplification of spin waves is hindered by the excitation of large-amplitude auto-oscillations. Further investigations are needed to understand, whether this problem can be overcome. Our observations should stimulate both the development of advanced magnonic devices and theoretical work to deepen the understanding of the interaction of spin currents with spin waves.
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